Abstract-A procedure of determining the optimal angles of the drawing tool for a three component billet which takes into account the presence of the calibration drawing cylinder and provides a minimal drawing stress is proposed. The influence of manufacturing parameters on the magnitude of optimal conicity angles of the manufacturing tool is shown. The relationship for the calculation of the optimal drawing, which pro vides minimal drawing stress, is found for standard dies with a fixed conicity angle.
INTRODUCTION
Long length trimetallic wares fabricated by draw ing find broad application in technology. Particularly, they include low temperature superconductors including a shell and core made of current stabilizing copper, as well as an intermediate layer, which is a composite consisting of niobium fibers in a matrix made of high tin bronze ( Fig. 1 ) [1] [2] [3] .
Currently, the wide scale production of low tem perature superconducting materials for magnetic sys tems has been developed in Russia. This production is the commitment of Russia to the participation in building the International Thermonuclear Experi mental Reactor (ITER) [4] [5] [6] [7] .
The fabrication technology of superconducting materials is a multistage process. Multiple drawing with intermediate treatments occupies an important place among the operations determining the quality of superconductor [8, 9] . In this case, using a manufac turing tool which provides a minimal drawing force is an urgent problem [10] . The drawing force determines the magnitude of deformation for the passage and total number of multiple drawing passages.
This study is aimed at determining the optimal geo metric parameters of the manufacturing tool when (3) shell. R is the conductor radius, R c1 is the core radius, and R c2 is the outer radius of the superconducting layer.
producing trimetallic superconductors, which provide minimal power consumption of the process. EXPERIMENTAL Plastic deformation during drawing is character ized by the elongation ratio [11] (1)
where d 0 and d 1 are diameters of section of a bimetallic billet for input into the tool and output from it.
When drawing a trimetallic billet, we assume that the elongation ratio for the central part (core), inter mediate layer, and outer part (shell) is the same.
The optimization of the manufacturing tool includes determining its optimal conicity angle (α d ) (Fig. 2) , which provides minimal power consumption during drawing. This makes it possible to increase unity cobbing (elongation) due to a decrease in prob ability of breaking the front billet end and increase the durability of the manufacturing tool.
Currently, the most applicable formula among the occurring formulas for determining the drawing stress of wire and rods is the Perlin formula [11] : (2) where σ s is the deformation resistance of the drawn billet average over the deformation zone, f is the exter nal friction coefficient between the tool and billet in the deformation zone, α r is the reduced conicity angle of the drawing tool, and σ q is the holdback tension stress.
Formula (2) is widely used in engineering; however, it does not make it possible to determine the optimal conicity angle of the drawing tool. This circumstance is associated with the fact that multiplier lnλ in for mula (2) , which characterizes the degree of deforma
tion during drawing, does not take into account addi tional shear deformations at the input into the manu facturing tool and at the output from it.
The degree of deformation in the course of deform ing in a conical manufacturing tool is refined in [12] and, according to this refinement, the degree of defor mation average over the cross section is defined as (3) where α d is the slope angle of the generatrix of the working die cone to the drawing axis.
Allowing for shear deformations (3), formula (2) takes the form (4) The account for additional shear deformations allows us to determine optimal conicity angles of the drawing manufacturing tool from conditions of the drawing stress minimum:
Another disadvantage of formula (2) is the pres ence of the reduced die angle (α r ), which is recom mended to be accepted equal from ratio tanα r = 0.65tanα d [11] .
In reality, tanα r can vary in a broad range depend ing on the length of the calibration drawing cylinder. It follows from geometric relationships of Fig. 2 that where = l c /l p is the relative length of the calibration cylinder, l c is the length of the calibration cylinder, and l p is the length of the deformation region. Formula (4) allowing for relationship (6) is applied separately for the internal part (core), intermediate part (composition superconducting layer), and outer part (shell) of a trimetallic billet.
We assume in formula (4) for the core-allowing the absence of its slip relative to the shell-that the friction coefficient equals zero. The drawing stress during the core deformation is defined by the rela tionship (7) where σ s1 is the deformation resistance of the core material.
Drawing stress (7) corresponds to the force spent for the plastic deformation of the core (8) where F 1 = is the core cross section area at the output from the tool.
Similarly, allowing for the absence of slip of the intermediate superconducting layer of a trimetallic billet relative to the current stabilizing layers of the core and shell, the drawing stress of this layer is deter mined by the relationship (9) where σ s2 is the deformation resistance of the interme diate layer material of a trimetallic billet.
The intermediate superconducting layer is a trans versally isotropic composite construction, and its plas tic deformation resistance is defined as a weight aver age value over the cross section [13] : (10) where c is the volume content of superconducting fiber with deformation resistance σ sF and σ sM is the plastic deformation resistance of the matrix material.
The fraction of the drawing force per plastic defor mation of the intermediate layer of the composite bil let will be (11) where F 2 = is the cross section area of the intermediate layer of a trimetallic billet at the tool output.
The drawing stress for the outer shell contacting with the drawing tool is defined by the relationship (12) where σ s3 is the deformation resistance of the shell material.
The drawing stress of shell (12) corresponds to the force spent for the plastic deformation (13) where
) is the shell cross section at the output.
The total force during the deformation of the tri metallic billet will be (14) which, after the substitution of expressions (8), (11), and (13) and transformations, constitutes (15) This force corresponds to the drawing stress aver aged over the cross section of the trimetallic composite billet (16) where = F 1 /F, = F 2 /F, and = F 3 /F are rela tive areas after the passage of each layer constituting the trimetallic superconducting composite billet.
RESULTS AND DISCUSSION Formula (16) allows us to determine optimal conicity angles of the drawing tool from the condition of minimum drawing stress (5) . Differentiating expression (6) according to condition (5), after trans
formations, allowing for the fact that both the core and billet shell consist of copper (σ s1 ≅ σ s3 ), we will find the optimal conicity angle of the tool:
In the absence of back tension (σ q = 0), which is characteristic of most cases, the optimal angle is inde pendent of the deformation resistance of core and shell materials being defined by the relationship (18) Figure 3 shows the calculated values of optimal angles of the drawing tool of the trimetallic billet depending on the relative length of the calibration cyl inder. We accepted the friction coefficient equal to 0.05 in calculations, which corresponds to drawing strengthened copper [11] ; relative areas of the core, intermediate layer, and shell equal 0.05, 0.4, and 0.55; respectively; and the deformation resistance of the core and shell materials is 310 MPa and that of the intermediate layer is 290 MPa [14, 15] .
It follows from Fig. 3 that optimal angles increase as the length of the calibration cylinder increases. An increase in elongation λ also leads to a rise in optimal conicity angles of the manufacturing tool.
The drawing tool geometry is usually standardized; therefore, optimal elongation ratios that provide the minimal drawing stress can be recommended for stan dard angles. Resolving relationship (18) relative to λ,
we will find the expression for the optimal elongation of the trimetallic billet: (19) CONCLUSIONS (i) A procedure of determining optimal angles of the drawing tool for a three component billet which takes into account the presence of the calibration drawing cylinder is considered. Its application makes it possible to minimize the drawing stress.
(ii) The influence of manufacturing parameters on the magnitude of optimal conicity angles of the man ufacturing tool is investigated.
(iii) A formula for determining the optimal elonga tion which provides minimal drawing stresses is pro posed for standard dies with a fixed conicity angle. 
